A comparative evaluation of the safety performance of bus priority route configurations

1. Introduction 
In light of increase in urban density and traffic congestion, modern policies of sustainable urban mobility promote the use of public transport, together with walking and cycling (OECD, 2007; UITP, 2015; ETSC, 2019; Paganelli, 2020). One of the forms of public transport promotion lies in establishing bus priority routes (BPRs) on main traffic arteria in big cities and in suburban areas, while bus rapid transit (BRT) presents the ultimate form of such priority (Levinson, 2003; Duduta, 2014; 2015). Currently, the implementation of such systems can be found in South-American countries, India, Turkey, China, Australia, USA, Canada and some European countries.
The development of bus priority route-based systems has been noted in recent decades (Duduta et al., 2014) as a response to the needs of urban mobility, thanks to their relatively low cost and shorter setup times in comparison to rail-based systems. For example, a study (Levinson et al., 2003) that examined the characteristics of 26 bus priority routes from various countries, found that the main reasons for implementing such systems were related to the relatively low development costs coupled with greater operational flexibility in comparison to rail-based transportation.
In Israel, in view of the growing problem of congestion in many urban areas, and especially, at the entrance to large cities, in recent decades the authorities have been promoting a policy of encouraging public transport (MOT, 2012; 2020). This policy has been manifested in the establishment of BPRs, in the various cities, with the accompanying allocation of transportation infrastructure for bus priority routes. For example, in the Haifa metropolitan area, in 2013, a BRT system called Metronit was operated that is based on high-capacity articulated buses, which encompasses some 40 km of bus priority streets and routes (Gitelman, 2018a). In Tel Aviv, to date, there are more than 40 km of BPRs in operation, on various public transport lines. 
Currently, hundred kilometres of BPRs are being planned and implemented throughout the country as part of a nation-wide program called "Rapid to city" (MOT, 2012).
The establishment and regulation of BPRs has clear mobility advantages such as reducing travel time together with an increase in bus travel speeds, during rush hours (Hidalgo, 2013; Duduta, 2014; Ing, 2018). In Israel, these advantages have been demonstrated, for example, in a study accompanying the establishment of a motorway curbside bus lane during rush hour (Gitelman, 2016). Furthermore, in recent years (prior to the COVID-19 pandemic), there were reports to the effect that BRT systems have been associated with a shift to public transport by some people using private vehicles, which thus contributes to solving the issue of traffic congestion and improving urban mobility (Dadash, 2018; Duduta, 2015; Mauro, 2019).
Moreover, from a strategic viewpoint, we can find a correlation between encouraging the use of public transport and improved road safety. According to evaluations published in the United States, Canada, European states, and Israel too (Savage, 2013; Litman, 2015; EC, 2016; RSA, 2016), travel on public transport is safer than using private vehicles, based on a calculation of casualties and fatalities per km of travel per person. Furthermore, based on data from various US cities, it has been illustrated (Litman, 2014; Stimpson et al., 2014) that there is a direct link between the growth in use of public transport (per capita) and the decline in the number of fatalities in road traffic accidents per urban resident. Consequently, in terms of policy, we might anticipate that an improvement in the public transport systems could be instrumental in promoting a shift from the private vehicle to public transport, and the existence of efficient alternatives to the use of private vehicles could lead to a decline in road accident casualties, both due to a decline in the number of trips within the city and also the higher level of safety of traveling on public transport.
However, introducing BPRs requires infrastructure changes in road layouts with assigning lanes for an exclusive or priority run of buses, to reduce bus travel times and improve public transport services. BPR infrastructure settings are typically more complex than traditional urban settings, which may lead to negative safety implications. 
For example, an Israeli study (Gitelman, 2018) found that traffic light operated junctions with BPRs were associated with a higher number of accidents than traffic light operated junctions on similar roads without bus priority route configurations. In other words, the addition of BPR configurations raises the rate of road traffic accidents at the junction. The second factor that might be linked with the potential decline in safety following the operation of BPRs is the location of the BPR configurations within the urban road network. BPR configurations are mainly located on traffic arteries characterised by large volumes of vehicle traffic and considerable pedestrian activity too, and the implementation of BPRs also tends to attract additional volumes of pedestrian traffic; thus, further increasing the risk of road traffic accidents (Duduta et al., 2012; WHO, 2013).
In general, there are only limited and often contradictory existing global findings pertaining to the safety-related effects of BPR systems and configurations with BPRs. For example, in a study summarising the international attempt to implement bus priority systems, it was stated that the implications of these systems on road safety have been studied less than other effects such as their impact on travel time, land value, and the emission of exhaust and greenhouse gases (Duduta et al., 2014). Among other issues, little is known about the way in which various types of BPR configurations affect the frequency and severity of road traffic accidents (Duduta et al., 2012). 
In the international literature, several studies estimated general safety impacts of BPR systems. Some of them found crash reductions but others – an increase in crashes following the introduction of such systems.
For example, according to evaluations presented in an article (Duduta et al., 2015), the operation of BRT systems in a number of cities in Colombia, Mexico, and India, was seen to have led to a noticeable improvement in safety – a reduction in the range of 21%–69% in accidents with casualties and reductions of 50% in fatal accidents (in Bogotá and Ahmedabad). In Melbourne, Australia, an 18% reduction in the total number of accidents was reported as a result of the implementation of BPRs (Goh et al., 2013). In contrast, studies conducted in the USA have shown an opposite effect on safety – higher accident rates following the implementation of dedicated traffic arrangements for buses (Duduta et al., 2014). Researchers have stated (Duduta et al., 2015) that the scope of the safety effect apparently depends on the nature of the change implemented in the system, so that, for example, in Bogotá and Guadalajara (with higher reductions in fatal accidents), not only did BPRs change the infrastructure but also replaced the multiplicity of bus operators that had existed previously, while in Melbourne, the system consisted only of changes to the infrastructure (establishing dedicated traffic lanes and granting priority at traffic lights).
The differences in the scope of the effect of the BPR systems can be correlated with the differences in the street and junction arrangements existing in the various systems (Duduta et al., 2015). For example, in Bogotá (Bocarejo et al., 2012) there were reports of an increase in road traffic accidents in a number of areas in proximity to the BRT stops, apparently, due to the larger volumes of traffic of pedestrians arriving at the stops, in the period following the system operation. Moreover, it has been found (Duduta et al., 2012) that due to the prohibition of making a left turn at junctions with the BRT system, in Guadalajara, there was a reduction in the number of accidents along the traffic corridor with the BPRs, but concomitant slight increases were observed in the road accidents in the adjacent neighbourhoods to the route (to where, apparently, vehicle traffic had been diverted).
In a study conducted in Europe (Finn et al., 2011), BPR systems were examined in various cities, and the conclusion reached was that the safety level of the bus systems was higher in comparison to the other modes of transport. Nevertheless, it was stated that whenever the implementation of the bus systems was not accompanied by appropriate infrastructure configurations, this might compromise the safety of those streets with bus traffic; it is noteworthy that this study did not succeed in collecting data for conducting detailed safety evaluations of the BPRs.

Furthermore, previous studies showed that design features of BPRs may impact on accident occurrences. The main forms of BPR configurations, as opposed to conventional mixed traffic, are center-lane or median route, curbside lane and counter-flow lane (ITDP 2007; Duduta et al. 2014). For example, using data on vehicle and pedestrian accidents in bus priority systems in South-American cities (Mexico-city and Guadalajara in Mexico, Porto-Alegre in Brazil), center-lane and curbside settings were found to be safer compared to counter-flow bus lanes (Duduta et al. 2012).	Comment by RCELS65@RCENGLISHLANGUAGESOLUTIONS.onmicrosoft.com: As the text is written in UK English, this should be centre-lane	Comment by RCELS65@RCENGLISHLANGUAGESOLUTIONS.onmicrosoft.com: As the text is written in UK English, this should be centre-lane
As regards the impact of the bus lanes alongside the safety barrier, no unequivocal findings have been gleaned from a review of the international literature (Duduta et al., 2014). Nevertheless, it has been observed that the presence of a safety barrier as part of these configurations is associated with a reduction in road traffic accidents. The positive impact on road safety of BPRs with a centre-lane route has been illustrated in the repeat analysis of changes in accidents as a result of the establishment of such systems in Mexico, Colombia, and India (Duduta et al., 2015).
As far as the impact of the curbside lane is concerned, the findings of the previous studies have not been consistent. For example, in Guadalajara, Mexico, such a configuration was associated with a significant increase in both vehicle and pedestrian accidents, while in Mexico-City, the impact of this configuration was not significant (Duduta et al., 2014). In New York, USA, in before-and-after evaluations, it was found that the configuration of BPRs as curbside lanes was consistent with a significant increase in the total number of accidents, vehicle crashes, and pedestrian accidents in road sections across the city (Chen et al., 2013). On the other hand, in studies conducted in Australia, following the establishment of BPRs in Melbourne, which were mainly in the form of curbside lanes, lower accident rates were reported than in the road sections with the BPRs (Goh, 2013; 2014).
The findings of those studies examining the statistical links between the characteristics of the route and the traffic, and the number of road accidents in BPR systems, indicated that the BPR configuration, their location on the road cross section, the road cross section, the location of the stops, etc., have an impact on the occurrence of accidents. In a number of evaluations, it emerged that the number of accidents in BPR systems rises together with the increase in the level of exposure, such as: a larger volume of vehicle traffic, greater frequency of bus traffic, higher density of bus stops (Goh, 2014; Cheung, 2008).	Comment by RCELS65@RCENGLISHLANGUAGESOLUTIONS.onmicrosoft.com: The in-text citation has been arranged chronologically in the parentheses up to this point rather than alphabetically, here it is neither alphabetically or chronologically arranged.
In addition, the explanatory models indicated that a higher number of lanes for general traffic and a higher number of legs at the intersections, on the bus routes, were associated with higher accident numbers (Duduta et al. 2012).
Moreover, the summaries of the international literature that are based on the insights of previous studies and on-site experience (Duduta et al., 2014; ITDP, 2007; Panera, 2012; TCRP, 2007), propose recommendations for reducing the risk of accidents in the BPR systems. Among other things, it has been recommended to promote configurations such as: physical separation between the bus lanes to prevent crashes with other vehicles; the addition of a safety barrier on roads with public transport lanes; fencing along the public transport lanes to prevent the uncontrolled crossing of pedestrians; the establishment of traffic light operated junctions alone; placing bus stops adjacent to the junctions.	Comment by RCELS65@RCENGLISHLANGUAGESOLUTIONS.onmicrosoft.com: The in-text citation has been arranged chronologically in the parentheses up to this point rather than alphabetically, here it is neither alphabetically or chronologically arranged.
Over the last decades, in Israel, such features were promoted on the bus routes. In practice, over the years, a barrier-separated central BPR configuration has been more common, constituting a bus corridor situated in the centre of an urban arterial, which is physically separated from other vehicle lanes by fencing, with signalized intersections only and bus stops adjacent to junctions (Fig.1-a). 
This configuration ostensibly adopts the best international experience pertaining to separation of bus traffic. At the same time, the accidents continued to occur and analysis of them showed that the junctions with the BPR configurations constitute hazard areas, with a considerable number of accidents involving pedestrian casualties (Gitelman, 2018). Traffic engineers state that in terms of vehicle traffic, a BPR configuration creates additional contradictions, it increases the size of the junction creating longer vehicle clearance times, so that design of the junction is more complex with a greater potential for road accidents. The change in respect of pedestrian traffic is quite dramatic, as this requires a pedestrian to cross a large number of traffic lanes. In the case of a barrier-separated central BPR there are three rather than two traffic lanes leading to a substantial change in the rules of behaviour when crossing the road (“the three lane effect”). A regular pedestrian, after having crossed the first lane (with traffic approaching from the left), expects vehicles to come from the right, but then encounters a vehicle travelling from the left once again as part of a bidirectional traffic lane. In other words, the new traffic situation contradicts the pedestrian’s road crossing habits, entailing a considerable risk.
We should point out that when evaluating other BPR configurations too under the given conditions in Israel, such as curbside lanes or centre-lanes, it emerges that the problem of pedestrian vulnerability at junctions is characteristic of bus priority routes. For example, when monitoring the Metronit system in Haifa, during the first two years of its operation, with the majority of configurations, a rising trend in pedestrian accidents were observed at the road junctions (Gitelman, 2018a).
Furthermore, in 2013-2014, several fatal accidents occurred at sites with barrier-separated central BPRs in one of Israeli cities (on Jabotinsky street, in Petah Tikva), with numerous discussions held in the media.
Following these incidents, transport authorities raised questions concerning the safety level of barrier-separated BPRs as opposed to other common BPR configurations in Israel, and future design preferences in planning BPRs, respectively. Therefore, it was decided to conduct a study, which will examine comparative safety levels of barrier-separated versus open center-lane or curbside BPRs, under the local conditions.	Comment by RCELS65@RCENGLISHLANGUAGESOLUTIONS.onmicrosoft.com: As the text is written in UK English, this should be centre-lane
The study is necessary as the issue preoccupying the public transport priority route system designers in Israel is that of finding engineering solutions to reduce the risk of road traffic accidents. From the more general perspective, the findings of the research literature reviewed above, have shown that findings regarding the comparative safety performance of various BPR configurations differ, thus indicating a need for further research. 
2. Method and data
In this study, we conducted a comparative evaluation of safety performance of sites with three BPR configurations, namely: barrier-separated central, open center-lane and curbside BPRs (Fig.1 a-c), based on the analysis of accident data.	Comment by RCELS65@RCENGLISHLANGUAGESOLUTIONS.onmicrosoft.com: As the text is written in UK English, this should be centre-lane
Detailed information on all the roads with BPRs existing in urban areas in Israel in 2015 was collected for the study. The location of these sites was conducted using maps together with inquiries to the various Ministry of Transport districts and the local municipalities. A detailed list of the road junctions and sections was made for each traffic artery with a BPR. For each site, the specification of the configurations was recorded, including: BPR configuration; the nature of the surrounding environment (urban/non-urban); the number of vehicle lanes in the route (in addition to the bus lanes); does the BPR configuration enable buses to be overtaken; the level of pedestrian activity in the vicinity of the configuration.	Comment by RCELS65@RCENGLISHLANGUAGESOLUTIONS.onmicrosoft.com: From the Hebrew it is not clear whether the intention is for buses to overtake or be overtaken, I have opted for the latter, but am not sure if that is the intended meaning here.
Furthermore, for all the junctions, on each artery, an effort was made to locate and collate information on the traffic volumes of vehicles entering the junction, in the main and secondary direction, and also for the bus traffic on the main artery. All the data on the traffic volumes collected in the various authorities and databases were transformed into a uniform scale (14 counting hours during daylight hours).
The accident data for roads with BPRs were collected for four years, 2010–2013. In order to identify the relevant road accidents, a detailed list was made of the intersecting roads, at each junction, and also of the house numbers located on both sides of each road section. Whenever it was not possible to identify the relevant house numbers for a certain road section, that specific section was then removed from the analysis. In a similar manner, whenever a specific junction was unable to be identified from among the various CBS (Central Bureau of Statistics) listed junctions (mainly due to the absence of the name of the road intersecting with the main road), the junction was removed from the analysis.	Comment by RCELS65@RCENGLISHLANGUAGESOLUTIONS.onmicrosoft.com: I was not sure about the term "צמתי הלמ"ס"   and this is my understanding of it, which might be inaccurate.
In total, at the data preparation stage, information was collected on 26 arteries with BPRs located in nine cities. During the initial counting of all the sites on these arteries, there were 144 junctions and 126 road sections. After removal of the unidentified sites in the CBS road traffic accident files, 137 junctions and 92 road sections remained in the database. The road traffic data were collected for five types of accident that are generally examined in the context of the impact of the public transport priority routes (Duduta et al., 2015; Gitelman, 2018), and these were: total injury accidents and the subgroups of severe, pedestrian, bus accidents and accidents involving buses and pedestrians.
Analysis of the road accident data was intended to characterise the safety level of the road junctions and sections belonging to the BPR configurations under comparison, and was also designed to provide an answer to the question whether there is a significant difference between the safety levels of the various configurations. Moreover, the analysis was also required to examine whether the safety level of the various configurations was affected by additional parameters such as: the level of traffic volume; the level of bus activity; the nature of the surroundings; the number of vehicle lanes on the route; the existence of a possibility for buses to be overtaken; the level of pedestrian activity on the road, while the comparison between the safety level of the various BPR configurations was to have been carried out after monitoring these additional parameters.	Comment by RCELS65@RCENGLISHLANGUAGESOLUTIONS.onmicrosoft.com: From the Hebrew it is not clear whether the intention is for buses to overtake or be overtaken, I have opted for the latter, but am not sure if that is the intended meaning here.
Evaluation of the safety level of the configurations was conducted by adapting an explanatory model to forecast road traffic accidents, on the road sections and junctions with the configurations, while using the various parameters.
In order to adapt the model for accident forecasting, the entire study database (both the road sections and the junctions) was converted into units of “site-year”. This conversion was required as some of the traffic arteries did not exist in some of the four years of the analysis. Similarly, category coding of each of the site parameters was conducted. Due to a lack of uniformity of the traffic volume data collected by the various entities, four representative categories were defined for each type of traffic volume at a junction, from the lowest to the highest. Table 1 displays the definitions for the categories of the road section and junction characteristics that were used in the analysis, with descriptive statistics of the two databases.
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